We explore the ability of the Tevatron to probe Minimal Supersymmetry with high energy scale boundary conditions motivated by supersymmetry breaking in the context of supergravity/superstring theory. A number of boundary condition possibilities are considered: dilaton-like string boundary conditions applied at the standard GUT unification scale or alternatively at the string scale; and extreme ("no-scale") minimal supergravity boundary conditions imposed at the GUT scale or string scale. For numerous specific cases within each scenario the sparticle spectra are computed and then fed into ISAJET 7.07 so that explicit signatures can be examined in detail. We find that, for some of the boundary condition choices, large regions of parameter space can be explored via same-sign dilepton and isolated trilepton signals. For other choices, the mass reach of Tevatron collider experiments is much more limited. We also compare mass reach of Tevatron experiments with the corresponding reach at LEP 200.
Introduction
Assessing our ability to experimentally probe supersymmetric extensions of the Standard Model (SM) at existing and future accelerators is a crucial issue for the future of high energy physics. Indeed, N = 1 supersymmetric models containing Standard Model matter and gauge fields (and their superpartners) along with exactly two Higgs doublets are remarkable in that the observed values of α QED , sin 2 θ W and α s at the scale m Z are highly consistent with unification of the U(1), SU(2) L and SU(3) gauge coupling constants at a scale of order M U ∼ 2 × 10 16 GeV. [1] (Although additional singlet Higgs fields do not affect the unification, we shall focus here on the Minimal Supersymmetric Model (MSSM) in which there are only two Higgs doublet fields, and no extra Higgs singlet field(s).) In a completely general context, the large uncertainty in the soft-supersymmetry-breaking parameters of the MSSM makes it difficult to arrive at definite predictions for the best probes and ultimate experimental accessibility of the superparticles. Even the basic superpartner mass scales (which we generically denote by M SU SY ) are rather uncertain, although it is widely accepted that they should lie below about 1 TeV in order to provide an obvious solution to the naturalness problem for the Higgs mass, and, in addition the gauge-coupling unification is only successful if M SU SY < ∼ 1 TeV. However, the success of gauge-coupling unification suggests that we should consider models that also have relatively simple and universal boundary conditions for the soft-supersymmetry-breaking parameters at the unification scale. Implications at low-energies ( < ∼ 1 TeV) can then be obtained by renormalization group evolution of the high-energy-scale parameters.
Supergravity and superstring theories provide the most attractive context in which gauge unification based on minimal N = 1 supersymmetry can be natural. Superstring theory stands out as the only candidate which is known to lead to a consistent theory of quantum gravity. Physics below the Planck scale is determined by the effective non-renormalizable supergravity theory that is believed to arise from the string once the super-heavy M P -scale fields are integrated out. Our goal in this paper will be to assess the extent to which the Tevatron and LEP-II can probe the superparticle spectrum of the MSSM with soft supersymmetry breaking specified by boundary conditions (at the unification scale) as predicted in a limited, but very attractive, set of string and minimal supergravity models. The main focus of the paper will be on assessing a wide range of possible signals at the Tevatron, including the missing-transverse-momentum, same-sign-lepton, tri-lepton, and four-lepton discovery modes. We shall contrast the parameter space range for which the Tevatron can probe the superparticle spectrum with that for which supersymmetry can be observed at LEP-II via chargino-pair, slepton-pair and/or Z+Higgs associated production.
The outline of the paper follows. In Sec. 2, we discuss the motivation behind and nature of the string theory "dilaton-like" and "no-scale" minimal supergravity boundary conditions that we employ. In Sec. 3, we delineate the (two-dimensional) parameter spaces that are allowed for each of the eight resulting models, given existing theoretical and experimental constraints and our assumed top-quark mass of m t (m t ) = 170 GeV. The all-important mass spectra and the consequent general phenomenological implications are also detailed in Sec. 3. In Sec. 4, we specify the parameters for the specific scenarios (within each of the eight models) that will be explored at the Tevatron using detailed Monte Carlo simulations. The selected scenarios are particularly chosen to sample the range of parameter space at the edge of Tevatron sensitivity. In Sec. 5, we give details of the simulations and cuts that we employ to analyze and isolate the different types of Tevatron discovery signals. In Sec. 6, we give the numerical results for Tevatron signals and backgrounds for the scenarios specified in Sec. 4 . By examining these results as a function of scenario location in parameter space, we determine the portion of the parameter space of each of our eight models for which a supersymmetric signal will be detectable at the Tevatron. Substantial sensitivity to specific boundary condition and unification scale choices emerges. In Sec. 7, we survey the ability of LEP-II to explore the parameter spaces of each of the eight models, and draw comparisons to the Tevatron results. The substantial complementarity of the two machines is discussed. We present final remarks and conclusions in Sec. 8. Earlier analyses of selected Tevatron and/or LEP-II signals for models similar to those considered here appear in Refs. [2] [3] [4] .
String and Minimal Supergravity Models and Boundary Conditions
In string theory the unification scale and the gauge couplings are determined dynamically at tree-level in terms of the vacuum expectation values of the dilaton field, with one-loop corrections coming from moduli field terms. In general, gauge coupling unification is not dependent on a grand unifying group, but instead takes the form: g 2 1 k 1 = g 2 2 k 2 = g 2 3 k 3 , [5] where the k i are non-Abelian gauge factors called the Kac-Moody levels. Phenomenologically consistent gauge coupling unification requires k 3 = k 2 = 3 5 k 1 . This is, in fact, the prediction of the simplest and most attractive string theories, where one finds Kac-Moody levels k 3 = k 2 = The most obvious difficulty with the string approach is that the string scale (at which the unification boundary conditions would naively be expected to occur) is determined to be M S = 0.7g U × 10 18 GeV, [6] i.e. of order M P / √ 8π (where M P is the Planck scale -M P = 1.2 × 10 19 GeV -at which quantum effects of gravity must be considered), as compared to the somewhat lower MSSM unification scale of M U ∼ (2 × 10 16 ) GeV. However, it is now known that there can be significant threshold corrections associated with the infinite number of Planck-scale states. Calculations in specific cases [7] show that these threshold corrections can effectively cause the couplings at M S to differ from one another in just such a manner as to yield an effective unification at the lower M U scale. It is also possible that the unification point, M U , is higher than 'naively' predicted (i.e. on the basis of the minimal Standard Model (SM) particles plus associated superpartners plus Higgs doublets) due to the presence of extra vector-like multiplets with masses at an intermediate scale between m Z and M U . For appropriately chosen masses and representations these can modify the gauge coupling running so as to yield coupling unification at M S . This solution is apparently required in the 4 − D free-fermionic string formulation, where the predicted threshold effects only serve to increase the unification scale, [8] and in certain orbifold constructions. [9] For either resolution, the phenomenology of the string models that yield the minimal supersymmetric model as the N = 1 low-energy supersymmetric sector is clearly worth examining. By comparing the two approaches, we will gain a first indication of the sensitivity of phenomenology to assumptions about unification-scale physics.
As noted earlier, generically the MSSM has many independent parameters beyond those required in specifying the Standard Model -namely, the magnitudes of soft-supersymmetrybreaking potential terms. The latter are parameterized by scalar masses (m), soft Yukawa coupling coefficients (A), gaugino masses (M a , where a denotes the group), and the coefficient (B) specifying the soft scalar Higgs field mixing term. Fortunately, supergravity and superstring theory both provide insight into the general structure of the soft terms. In supergravity, rather mild assumptions yield universal soft-SUSY breaking, dramatically reducing the number of parameters. In string models there has been much progress in classifying the possible SUSY-breaking sources; associated 'string-inspired' forms of soft-SUSY breaking emerge, specified by a relatively small number of M U -scale parameters. Rather universal soft-SUSY breaking can easily emerge. Phenomenologically, FCNC constraints are most easily satisfied if the soft-squark masses are, in fact, generation independent. Of course, in principle a completely self-consistent, calculable string theory should be able to predict all the MSSM parameters. However, we are far from realizing this goal, as numerous difficult and unresolved issues in string theory still exist, including the presumably non-perturbative effects that are important in determining the true vacuum and the details of supersymmetry breaking.
In this paper we shall consider two basic types of boundary conditions for the softsupersymmetry-breaking parameters at high energy scales. For the first type, we adopt a structure for the soft terms that emerges in a large number of string models -namely M 0 = −A 0 = √ 3m 0 , where m 0 , A 0 and M 0 are the (common) values for the soft scalar masses, A coefficients, and M 0 a gaugino masses, respectively. (The superscript 0 denotes values at the high energy scale.) These boundary conditions arise in the universal dilatondominated limit of SUSY breaking in all string models, but they are actually much more general, as we outline below. As we shall see, the small value of m 0 compared with M 0 leads to rather light spectra for the sleptons and sneutrinos of the model. For comparison, we also consider the extreme boundary conditions which yield the lightest possible slepton sector: m 0 = A 0 = 0. These latter boundary conditions, supplemented by taking a universal value for the gaugino mass, M 0 a = M 0 , are commonly (but perhaps wrongfully) associated with the "no-scale model" label in the literature.
As well as specifying the boundary conditions, the high energy scale at which they are applied must be specified. In this paper we study the consequences of implementing the above two types of boundary conditions at two different high energy scales: i) the standard GUT scale M U determined from gauge coupling unification in the absence of any additional matter fields beyond those contained in the minimal supersymmetric model; or, alternatively, ii) the substantially higher string scale. In this latter case, extra matter representations must be introduced -our choices will be detailed below.
String-motivated boundary conditions at M U
A systematic analysis of soft-supersymmetry-breaking terms in specific four-dimensional string theories has been presented in Refs. [10, 11] . In these references, the role of the dilaton (D) and overall (i.e. associated with the volume or size of the manifold) moduli (T ) fields is emphasized. Starting with specific compactification choices and the appropriate Kahler potential, explicit forms for the soft-supersymmetry breaking terms can be derived when the dilaton and/or moduli fields acquire non-zero vacuum expectation values as a result of spontaneous supersymmetry breaking. In this approach, the cosmological constant is not automatically zero; setting it to zero further simplifies the soft-breaking boundary conditions. Following the notation of Ref. [11] , the soft parameters take particularly simple forms when expressed in terms of the goldstino angle θ, which specifies the extent to which the source of supersymmetry breaking resides in the dilaton versus moduli sector. If supersymmetry breaking is dominated by the dilaton superfield then θ = π/2, whereas supersymmetry breaking dominance by the overall moduli superfield occurs in the θ = 0 and π limits. For a given string model, the standard soft parameters m 0 , M 0 , A 0 , and B 0 can all be expressed in terms of just m 3/2 (the gravitino mass) and θ. For general values of θ, the precise expressions are model-dependent, although in the dilaton limit of θ = π/2 (sin θ = 1), the soft terms take a model-independent universal form (up to small corrections).
We consider a simplified subset of the models explored in Ref. [11] . First, we assume that the Kac-Moody levels of the three gauge groups are related by k 3 = k 2 = 3 5 k 1 = 1. If we recall that f a = k a S at tree level, where f a are the inverse squared gauge coupling constants at the string scale, we see that this choice will be consistent with the experimentally observed coupling unification if one neglects corrections arising from the difference between M S and M U . Generally, one-loop threshold corrections can alter this relationship somewhat (see Eq. (2.12) of Ref. [11] ), perhaps even allowing the apparent unification at M U for tree-level k i values (related as above) to be consistent with threshold-corrected unification at M S . Second, we neglect any CP violating phases for the A 0 and B 0 parameters. Finally, in the case of orbifold compactification we assume that all fields belong to the untwisted sector (i.e. we take the modular weights to be n i = −1 for all fields i; see Eq. (3.9) of Ref. [11] ). This set of choices is certainly the simplest possibility within the context of the four-dimensional superstring models considered in Refs. [10, 11] .
With these choices, the soft terms for both Calabi-Yau and orbifold compactifications take the form:
where a labels the gauge group. In the absence of threshold corrections, κ = 1 and X a = 0. However, threshold corrections are generally present. For orbifold compactifications (with all n i = −1) one-loop threshold corrections give rise to
where Y is computable in terms of the dilaton and moduli chiral superfields and numerically is of order 4 or 5, b a is the one-loop β-function coefficient for the particular group, and δ GS is a model-dependent quantity (often a negative integer). For Calabi-Yau compactifications, much less is known about the threshold corrections, although it is quite probable that κ is not precisely 1 nor X a exactly 0.
[12]
Finally, we note that approximate results for the B 0 parameter were obtained in Ref. [11] . For example, if Higgs superfield mixing appears only in the standard µĤ 1Ĥ2 superpotential term one finds
Another source of B 0 derives from an additional Higgs-mixing term in the Kahler potential that can generally be present in Calabi-Yau compactifications, but is not present for orbifold compactifications. The resulting form of B 0 in the absence of the µĤ 1Ĥ2 superpotential term is B 0 Z = 2m 3/2 (1 + cos θ) .
If both sources of B 0 are simultaneously present, the resulting form of B 0 as a function of θ would be more complicated. And the above forms themselves were obtained only after a significant number of approximations and assumptions. Thus, we shall leave B 0 as a free parameter subject only to the requirement that the model be consistent with correct EWSB and phenomenological constraints. However, we shall later describe the values taken on by B 0 within the allowed parameter space regions; we shall see that the models would be very strongly constrained or eliminated altogether for particular choices of B 0 . In this regard, it is useful to note that in the context of the above approximate forms, B 0 µ ≤ 0, while B 0 Z ≥ 0, with zero values only being reached for θ = −π.
From Eq. (1) we extract the dilaton-dominated model by setting sin θ = 1, which gives identical A 0 , m 0 i and M 0 a results for both Calabi-Yau and orbifold compactification (as noted earlier) and is actually completely independent of the n i choices. Indeed, to the extent that threshold corrections can be neglected (in Ref. [11] this is estimated to be true for sin θ > ∼ 0.05), the orbifold (with all n i = −1) and Calabi-Yau model results for m 0 i , A 0 , and M 0 a are identical, and are indistinguishable from the strict dilaton-dominated model after the rescaling m 3/2 → m 3/2 sin θ. If one could trust one of the above quoted results for B 0 , then it would provide some discrimination between different θ values. However, the uncertainty in B 0 makes it much more appropriate to allow it to be a free parameter, in which case all models become equivalent for the very large range of θ values such that threshold corrections can be neglected. This large class of models, specified by the boundary conditions
will be denoted by the symbol D (for dilaton-equivalent). Leaving B 0 (as well as M 0 ) free yields (for a fixed value of the top quark mass) a two dimensional parameter space for the D models, parameterized in terms of m g and tan β. The D phenomenology with B 0 left free will thus have a large range of validity, and it is only in the sin θ ∼ 0 case, or by taking some of the n i different from −1 in the orbifold models, that SUSY breaking can become model dependent in a manner that goes beyond the boundary conditions that we shall employ.
Extreme minimal supergravity boundary conditions at M U
The boundary conditions obtained in the moduli-dominated limit (corresponding to sin θ = 0 in of Eq. (1)) are quite different from the dilaton-equivalent constraints of Eq. (5). First, we note that the scale of M a is set by X a , which therefore cannot be too small on purely phenomenological grounds. More generally, the relative sizes of the scalar masses and the gaugino masses are determined by the relative magnitudes of κ − 1 and X a . Even in the specific case of orbifold (n i = −1) moduli-dominated models there are many possibilities. In the simplest case of δ GS = 0, m 0 i = A 0 = 0 and non-universal values for the gaugino masses M 0 a ∝ b a are required at M U . In contrast, for significant (negative, generally negative-integer) non-zero values of δ GS , m 0 i is typically substantially larger than M 0 a in the moduli-dominated limit. In the example of δ GS = −5 explored in Ref. [11] , gaugino masses become smaller than scalar masses for sin θ < ∼ 0.05. As noted there, this is not unlike the situation obtained in explicit gaugino-condensation models.
[13] The δ GS = 0 case, although regarded as atypical (in that S − T mixing will generally be present in the Kahler potential), represents an interesting extreme case of boundary conditions with specific non-universal gaugino masses at M U .
The extreme case of δ GS = 0 with sin θ = 0, yielding the M 0 a and B 0 as the only seeds of supersymmetry breaking, has much in common with the so-called 'no-scale' scenario. [14] The original motivations for no-scale models were i) to guarantee a vanishing cosmological constant at the unification scale, and ii) to yield a flat potential (in a scalar field direction) such that the electroweak symmetry breaking (EWSB) scale is to be generated dynamically. The no-scale scenario requires a Kahler potential of a very specific form (which is in fact realized in certain free-fermionic constructions [15] ). Of course, soft-SUSY breaking introduces a scale, but the underlying motivations and structure of the 'no-scale' model are least disturbed for a very simple and specific set of soft-SUSY parameter boundary conditions; namely zero values for the soft scalar masses and A terms at M U , but non-zero values for the gaugino masses. [14] In the simplest models, the chiral superfield density f αβ is proportional to δ αβ , and gaugino masses take on a universal value at M U . The resulting boundary conditions are:
As in the dilaton-equivalent case, specific choices for the B 0 parameter are less motivated, and we will allow any value for B 0 consistent with electroweak symmetry breaking in the renormalization group approach. We comment later on the values that B 0 actually takes on in the parameter space regions that are consistent with other constraints; B 0 = 0 is an interesting special case in that gaugino masses then provide the sole seed for supersymmetry breaking.
The boundary conditions of Eq. (6) are best viewed as specifying an extreme version of the Minimal Supergravity model, for which we adopt the the generic symbol MS. As outlined above, they differ from the boundary conditions that are obtained in the special moduli-dominated δ GS = 0 string theory limit where the M 0 a are required to be non-universal. To date, no detailed string model has resulted in precisely the minimal-supergravity boundary conditions of Eq. (6) with universal gaugino mass. Nonetheless, the MS boundary conditions have a long history and are the simplest that can be devised which satisfy the basic constraints outlined below. First, since setting M 0 a = 0 would be inconsistent with experimental limits on gaugino masses, Eq. (6) is the simplest choice for which only one of A 0 , m 0 i , M 0 a is taken to be non-zero. In addition, m 0 i = 0 guarantees that the squark masses are sufficiently degenerate after renormalization group evolution to avoid flavor changing neutral current difficulties. (Of course, a universal value for the m 0 i as in the D models, also achieves the same end.) Setting A 0 = 0 removes the CP violation that might otherwise be present at a level inconsistent with constraints on the neutron and electron electric dipole moments should A 0 have a non-trivial phase with respect to M 0 . This is because the driving terms in the renormalization group equations (RGE's) for the various A's are proportional to the M a 's (with real coefficients) so that no phase for any A/M a can be generated if A 0 = 0. There could still be a non-trivial phase for B 0 /M 0 ; in our analysis we consider only real values for B 0 .
Summary of M U boundary conditions
To summarize: in the dilaton-equivalent models we require M 0 = −A 0 = √ 3m 0 at M U , while in the minimal-supergravity models we require m 0 = A 0 = 0 at the scale M U , and a universal value, M 0 a = M 0 for the gaugino masses -in both models all values of B 0 are allowed that yield a correct pattern of electroweak symmetry breaking and that are consistent with existing experimental and phenomenological constraints as detailed below.
So far, we have not discussed the µ parameter required to complete the specification of the M U boundary conditions. Although the magnitude of µ 0 is determined in the RGE approach in terms of the other M U -scale parameters by minimizing the scalar potential, the sign of µ is undetermined; we will consider both the positive and negative sign possibilities. This leaves us with two D and two MS models that we will explore phenomenologically. We denote these four models by D + , D − , MS + , and MS − . We re-emphasize that by leaving the B 0 parameter free (subject only to phenomenological and RGE constraints), the D models actually describe a broad class of superstring-motivated models in which threshold corrections can be neglected, while the MS models are more general than those in which B 0 = A 0 − m 0 [14] or B 0 = 0 is imposed.
Boundary conditions at M S
As in the case of the gauge couplings, the use of the boundary conditions (5) or (6) at scale M U as opposed to M S can be questioned. Certainly, it is simplest to presume that the soft-parameter boundary conditions apply at the same scale at which the coupling constants begin their independent evolutions from a common value. A priori, it cannot be ruled out that the hidden-sector/threshold corrections conspire so that both coupling constant equality and universal values for the soft masses and the A parameters all apply at M U rather than M S . It is probably too early to even rule out the possibility that the hidden-sector-determined scale at which all evolution begins is significantly below M S .
However, as an alternative, one can presume that the threshold/hidden-sector effects are small or (possibly) serve to push M U even higher, in which case it is most natural to presume that that the coupling constants take a common value at M S . To achieve coupling unification as this higher scale, it is necessary to introduce intermediate-to-GUT-scale (or gap) representations that modify the gauge coupling running at high scales in precisely the correct manner. [16] Of course, this approach implicitly assumes that the nice meeting of the couplings in the MSSM (with minimal field content) is quite accidental. The minimal model along these lines is that suggested in Ref. [17] , in which vector-like heavy 'quark' field representations of the type
are introduced. By inputing α s and sin 2 θ W , and requiring coupling unification at M S , the masses of these gap fields can be determined. The masses required for unification are then m DR ≃ 10 7 GeV and m QL ≃ 5×10 12 GeV. Contributions to the b i are positive for both types of fields, thereby increasing the slopes of the running α i as a function of the scale, which raises the unification scale as well as α U . Indeed, these extra representations even have a natural home in the flipped SU ( [4] We will discuss how the phenomenology changes upon employing this approach and applying the dilaton-equivalent and minimal-supergravity boundary conditions of Eqs. (5) and (6) at M S . The models so generated will be denoted by SD ± and SMS ± (for string-scale-unified dilaton-equivalent and string-scale-unified minimal-supergravity), where, as before, the models are determined by choosing just two parameters and the sign of µ (indicated by the superscripts). The masses of the D and Q fields are not independent, being entirely determined by the requirement that unification occur at M S .
Of course, it must be admitted that the choice of unifying at M S employing intermediate scale representations that are specific to SU(5) × U(1) is somewhat arbitrary. Indeed, as noted earlier, there is no need for the super-string to have any group structure beyond the basic SU(3) × SU(2) L × U(1) of the SM. Nonetheless, we hope our results will be representative of those that one would obtain for other reasonably simple choices for the gap fields.
The main effect of raising the unification scale from M U to M S is the increased slepton masses (at a given gluino mass) due to the increased amount of evolution lever arm. This effect is clearly greater (on a percentage basis) for the MS models where m 0 = 0 (and the entire slepton mass at low energy derives from evolution) as compared to the D models for which m 0 is a significant fraction of M 0 . Important phenomenological differences occur if the mass hierarchy of the sleptons, sneutrinos, charginos and neutralinos is altered. We shall see that mass hierarchies are altered in going from D − to SD − and from MS ± to SMS ± . Some amusing patterns will emerge. In particular: the D − mass hierarchies are converted to the ordering found for D + , SD + ; the SMS + hierarchies are quite different than for MS + , and are closely related to those for D + ; and the SMS − hierarchies are very similar to those for D − . Thus, both the SD + and SD − will have phenomenology similar to that found for D + , while SMS − results will be very like those for D − . In combination, the eight model scenarios investigated illustrate the vital role played by precise unification boundary condition and scale choices when supersymmetry breaking is dominated by gaugino masses.
Final introductory remarks
Thus, the models we explore are motivated in two ways. On the theoretical side, supergravity and string theory provide a strong motivation for the types of boundary conditions considered. On the phenomenological side, the boundary conditions employed are distinguished by the rather low masses obtained for the sleptons. This latter provides a very interesting alternative to models in which boundary conditions with large m 0 arise, such as gaugino-condensate models and models based on the above-mentioned modulidominated string scenarios (with δ GS = 0). Light sleptons will turn out to have many crucial phenomenological consequences (such as two-body decays of charginos and neutralinos to slepton-lepton final states) that dramatically alter the phenomenology as compared to models where sleptons have mass of order the gluino mass or higher (so that charginos and neutralinos tend to decay via three-body modes to virtual or real W, Z plus lighter gaugino). We shall see that the predicted slepton masses are generally sufficiently smaller than the gluino mass that slepton-pair production at LEP-II can easily be a much deeper probe of the model parameter space than the Tevatron, whereas the reverse can easily be true if sleptons are heavy. Light sleptons also result in many special situations and much greater variability in the discovery potential at the Tevatron. Signals for supersymmetry will often be more likely to arise from neutralino/chargino-pair and slepton-pair production than from gluino-pair, gluino-squark, or squark-pair production. (Squarks generally turn out have fairly large mass, except possibly the lighter stop squark, as a result of the α s terms in the RGE's, which are absent for the sleptons.) Experimental searches at the Tevatron should pay more attention to the types of discovery modes that we shall delineate in the following sections.
Model Parameter Space Constraints
The eight different models that we shall explore were delineated in the Introduction. They will be denoted by
, SD − (string-scale dilaton-equivalent, µ < 0), SMS + (string-scale minimal-supergravity, µ > 0) and SMS − (string-scale minimal-supergravity, µ < 0). As noted in the introduction, all eight of these models are entirely determined in terms of just two parameters (in addition to the sign of µ), given a definite value of the top quark mass (which fixes the Yukawa couplings of the theory when combined with our other boundary conditions). We will employ m t (m t ) = 170 GeV, corresponding the m t (pole) = 178.3 GeV for all our computations, as being representative of the best fit value for LEP data [18] and a not-unlikely value for explaining the excess events at the Tevatron. [19] We note that we do not require unification of the bottom and tau Yukawa couplings at M U . Typically, their ratio at M U , R b/τ , is within 15% of unity in the models being considered. Although it would greatly simplify our considerations by reducing the parameter space to just a single dimension, requiring absolutely precise Yukawa unification may well be an artificially strong constraint.
Various choices for the two model-determining parameters can be considered. We have found it convenient to employ m g and tan β, where m g ≡ m g (pole) is the mass of the physical gluino state, and tan β is the ratio of the Higgs doublet field vacuum expectation values. Of course, in employing these two low-energy parameters we are using a bottom-up approach to the renormalization group equations, as pioneered in Ref. [20] . The RGE's are solved by employing one-loop evolution equations, adopting α s (m Z ) = 0.12, α QED = 1/127.9, m b (m b ) = 4.25 GeV and m t (m t ) = 170 GeV. Evolution is performed between M U or M S and m Z . The resulting values of M U and α U are M U = 2.39 ×10 16 GeV, α U = 0.0413 for the D, MS, models and M U = 1×10 18 GeV, α U = 0.0551 for the SD and SMS models. At oneloop, this procedure predicts sin 2 θ W = 0.2305, i.e. outside the errors on the experimentally preferred value of 0.2324; [18] however, it is well-known [21] that the two-loop corrections to the RGE's bring sin 2 θ W into much closer agreement (sin 2 θ W ≃ .2335) with the experimental result for the chosen value of α s (m Z ) = 0.12. At one-loop, we prefer to employ this value for α s (m Z ), that is more in the center of its experimentally allowed range, [18] as opposed to the lower value of α s (m Z ) = .11 that at one-loop would yield sin 2 θ W = 0.2324, due to its influence on the RGE equations for the strongly interacting sparticle masses and Yukawa couplings. In any case, uncertainties associated with M U or M S boundary conditions and threshold corrections are surely larger than those associated with these approximations. Finally, we note that in evolving the 'λ' parameters entering the Higgs potential, [22] the various sparticles are decoupled at their respective mass scales; this is accomplished by an iterative method.
The first step in our analysis is to determine the allowed region of the m g -tan β parameter space for each of the models. The constraints that we shall apply are the following, not all of which turn out to be important.
1. We require a neutral LSP. This requirement determines the upper limit on the mass of the gluino at fixed tan β that arises in the MS + and MS − models; if m g becomes too large, m χ 0 1 exceeds m τ1 .
2. We require that the h 0 and A 0 of the model not be visible at LEP. This is not constraining, due to the large value of m t (m t ) = 170 GeV that we employ.
3. We require that all sleptons be heavier than m Z /2, since sleptons are not observed in Z decays. [23] Requiring m ν > m Z /2 determines the lower m g boundary for the SMS − and D − models at all tan β values, and for the MS + , SMS + and SD − models for tan β < ∼ 2.3, 4.5, and 10.5, respectively. It also determines the upper bound on tan β in the D, SD and SMS models -at large tan β splitting between the τ 's becomes sufficiently large that the τ 1 is pushed to a mass below m Z /2.
4. We require that the lightest chargino, the χ + 1 , be heavier than m Z /2, since chargino pairs are not observed in Z decays. [23] This requirement determines the lower m g bound for the D + and SD + models, and for the MS + , SMS + and SD − models for tan β > ∼ 2.3, 4.5, and 10.5, respectively.
5. We require that m t1 > m Z /2, where t 1 is the lighter of the (rather widely split) stop squark mass eigenstates. [23] This requirement is not constraining in the cases studied.
6. We require m q > 100 GeV, for all squarks other than the t. This is only a rough lower bound from CDF/D0 data [24, 25] but is, in any case, not constraining for the models we study.
7. Similarly, we note that a CDF/D0-like requirement of m g > 120 GeV is not constraining. In fact, the slepton, chargino, and LSP boundary conditions require that the minimum value of m g is always somewhat above 200 GeV in the models considered.
8. We require that the net contribution from new states to the Z width be smaller than 0.028 GeV, and that any additional contribution to the Z's invisible decay width be < 0.018 GeV. [23] Neither requirement is constraining for the models considered.
9. We also demand that the EWSB potential minimum for any acceptable solution to the RGE equations be a true global minimum and that the potential be bounded at M U or M S .
10. We require that the top quark Yukawa coupling remain perturbative as defined by h t ≤ 3. For Yukawa coupling larger than this the two-loop corrections to the one-loop renormalization group equations become large and the perturbative approach begins to break down. This requirement determines the lower boundary, i.e. smallest allowed value of tan β, for all the models.
A possible further constraint on the models, that we shall not directly implement, derives from the fact that the χ 0 1 can provide [26] a significant dark-matter density in the early universe. As is well-known, [26] if the χ 0 1 becomes too heavy, and if the cross section for the annihilation of χ 0 1 pairs is not large, then the universe can be overclosed or 'too young'. However, in the models we consider the sleptons and sneutrinos are generally rather light, which tends to enhance the annihilation cross sections. Thus, we expect much of the parameter space illustrated to remain allowed by even a rather stringent constraint on dark matter relic density. This is illustrated for example in the investigations of Ref. [3] . At most, large m g values, i.e. beyond those relevant for Tevatron searches, would be eliminated by imposing this constraint.
We also do not implement proton decay constraints. While full gauge group unification at M U can lead to difficulties with proton decay, ⋆ such full unification is not typical of string theories. In string theories, we have noted earlier that coupling constant equality at M U is instead a result of the simplest and most attractive choices for the Kac-Moody levels, k i . Indeed, many string models with only the minimal SM group structure have been constructed. [28] In the absence of full gauge-group unification, the X and Y gauge bosons and the especially troublesome Higgs triplets need not be present with the result that there is no definitive constraint on the models coming from proton decay. Of course, the SD and SMS scenarios fit nicely into the flipped SU(5) × U(1) model, for which there need not be a problem with proton decay (because of the large scale at which unification takes place) despite the fact that true gauge-group unification occurs.
The allowed regions of m g -tan β parameter space for the eight models obtained by imposing these constraints are displayed in Fig. 1 . Note that these constraints alone do not serve to determine a right-hand boundary in the D, SD or SMS scenarios. Presumably, it would be unreasonable to consider solutions with m g > 1 TeV purely on the aesthetic ground that such a large gluino mass would bring into question the original naturalness motivation for the MSSM. We have confined ourselves to m g < 800 GeV simply because of our focus on the Tevatron in this paper. Z . However, B 0 /m 3/2 = −2 and −(1 + √ 3) both fall within the allowed parameter space (at tan β ∼ 4 and 2.7, respectively -note that B 0 becomes less negative as tan β increases). This means that a B 0 µ source would be entirely consistent for all but θ very near 0 (for which our boundary conditions are not appropriate in any case). The results for the SD + model are essentially identical. For the D − and SD − models, B 0 > 0 everywhere in the allowed parameter space depicted in Fig. 1a and b . This requires the presence of a B 0 Z mixing source; in other words, orbifold compactifications are excluded in the context of the approximations of Eqs. (3) and (4) . In the D − and SD − models B 0 increases as tan β decreases; however, the θ ∼ 0 limit of B 0 Z /m 3/2 ∼ 2 falls at tan β values below 2, which are excluded by non-perturbative top-quark Yukawa coupling behavior for m t = 170 GeV. (For lower m t values this limit is reached within the allowed domain.) Turning to the MS and SMS models, the basic features of B 0 are easily summarized. For MS + and SMS + , B 0 < 0 throughout the allowed parameter spaces shown in Figs. 1c and d . B 0 becomes less negative as tan β increases, but never reaches 0, i.e. the value consistent with B 0 = A 0 − m 0 for our choice of A 0 = m 0 = 0. For the MS − or SMS − models, B 0 goes from positive to negative values as tan β increases, passing through zero at tan β ∼ 7 − 9 or tan β ∼ 5 − 9, respectively (larger tan β for larger m g ). Thus, the strict no-scale boundary conditions of m 0 = A 0 = B 0 = 0 are only possible for µ < 0. As stated earlier, we shall not place any ⋆ For example, in SU (5) unification proton decay is frequently too rapid. [27] restriction on B 0 in our phenomenological analyses. The above B 0 results are presently only of passing theoretical interest, but could become useful should predictions for B 0 become more certain at some future date.
The phenomenology of the different models is largely determined by the masses of the super particles. Thus, before turning to the specific scenarios that we shall examine with regard to detection at the Tevatron or at LEP-II, it is useful to illustrate the basic structure for the eigenstate masses that emerge from the four types of models being considered. Since, for a given model, the only mass scale is m g , it is not surprising that all masses when plotted in ratio to m g exhibit approximate scaling. Only the variation with tan β (through the limited range allowed by the parameter space boundaries) yields any scatter. These scaling laws are illustrated in Fig. 2 , where the m i /m g values exhibit a well-defined band for a given choice of sparticle type, i. Note that at large m g the m i /m g ratio for a given sparticle is essentially independent of tan β. The gaugino masses exhibit the standard relations [29] .) These mass limits are correlated with the fact that the χ 0 1 and χ 0 2 become primarily bino and wino in the large |µ| limit, a fact which we shall see has some rather important phenomenological consequences.
The crucial role of the mass hierarchies illustrated in Fig. 2 is in determining the production rates and decay chains that are the dominant ingredients in the phenomenological consequences of a particular choice for the model, and the values of tan β and m g within the given model. There are important similarities as well as important differences between the models in this respect. As noted in the introduction, a very important point to note is that since the soft scalar masses m i are either zero at M U (for the minimal-supergravity scenarios) or at least smaller than the common gaugino mass by a factor of √ 3 (for the dilaton-like scenarios), the scalar partners of the SM fermions acquire mass largely as the result of evolution from the unification scale M U down to ∼ m Z . Since the evolution of the sleptons is much slower than that of the squarks (there being no strong interaction terms driving them away from zero mass), sleptons will always be very much lighter than squarks in these scenarios. Even the squarks only reach masses as large as the gluino mass for the higher unification scale at M S . In the case of the GUT-scale-unified minimal-supergravity models, the sleptons are quite light, and indeed not much heavier than the χ 0 1 . This is why limits on the slepton mass set the upper and lower boundary on m g in the MS models. In the SMS models, the sleptons and squarks move up in mass as a result of the increased amount of evolution arising from the larger difference between M S and m Z . For the D models, slepton masses are again larger than in the MS models, but now as a result of the non-zero seed scalar masses (m i = 0) at M U . Indeed, the slepton masses are not very different in the D ± and SMS ± scenarios.
However, there are subtleties in comparing slepton to ino masses that have considerable phenomenological importance. For m g < ∼ 500 GeV, the region of interest in our Tevatron study, the mass hierarchies for D + and SMS + are such that χ 0 2 → ν ν and χ + 1 → l ν decays are generally forbidden, whereas for D − and SMS − these decays are generally allowed. We shall see that this results in significant similarities between the SMS and D phenomenologies for both signs of µ. The SD + and SD − hierarchies are such that the lightest chargino is generally lighter than the lightest slepton, the ν (except at the lowest allowed m g values).
As
) and χ + 1 → l ν are again forbidden (except for quite low m g and tan β < ∼ 10.5 in the SD − case). This will imply some similarity of SD + and SD − phenomenology to that of the D + model.
In contrast, since the squark masses in all the models considered derive mainly from evolution, the squark masses in the D and MS models are of similar size and somewhat smaller than those predicted in the SD and SMS cases.
In summary, we see that the gluino mass is the largest mass of all sparticles in these scenarios, and hence may not be particularly relevant for phenomenology, contrary to typical expectations. Squark masses are typically ∼ 10 − 50 GeV below gluino masses. Sleptons are amongst the lightest SUSY particles; hence the charginos and neutralinos often decay via two-body modes to e.g. slepton-lepton, instead of the usually expected three-body decays. We shall see that this can have a substantial influence on the types of collider signatures expected. In addition, we will find that the sleptons are generally sufficiently light that a significant portion of parameter space can be probed via slepton-pair production at LEP-II.
Scenarios
The allowed regions in m g -tan β parameter space for the minimal-supergravity and dilaton-equivalent scenarios (for both µ > 0 and µ < 0) are illustrated in Fig. 1 . In order to explore the ability of the Tevatron to probe these eight distinct scenarios, we have selected a series of points in each of the eight allowed parameter spaces that comprise a representative sample of cases that might also have some chance of being accessible to the Tevatron. The sampled points are numerically labelled in Fig. 1 , and will be referenced by
, where i is the numerical index indicating the sampled point within a given scenario. The locations of all these scenarios in the eight parameter spaces are shown in Fig. 1 using the numerical label for a given scenario. In the SD and SMS scenarios, we have focused primarily on points that lie near the limit of experimental sensitivity at the Tevatron.
The phenomenological consequences of a given point within one of the eight scenarios is largely determined by the masses and decay branching ratios of the superpartner sparticles. In Tables 1a-d (for D, SD, MS, SMS models, respectively) we give the scenario label and m g , tan β values for a given scenario point, along with the masses of the lightest two neutralinos, χ 0 1 , χ 0 2 , the lightest chargino, χ + 1 , the left-handed slepton, l L , the right-handed slepton, l R , the sneutrino, ν, the first and second family squarks, denoted generically by q, and the lighter of the two stop eigenstates as obtained after diagonalization, t 1 . The Higgs masses m h 0 and m A 0 are also tabulated. Regarding the h 0 , our procedure is to compute m h 0 using the one-loop effective potential corrections (including stop and sbottom mass splitting effects) in the manner of Ref. [30] after having carried out the RGE evolution in the manner described earlier. The h 0 masses obtained in this way are somewhat higher (slightly lower) in the µ > 0 (µ < 0) cases than those emerging directly from the RGE's.
Some important branching ratios for each scenario point appear in Tables 2a-d. In the D, SD and SMS scenarios the two-body decays for χ + 1 and χ 0 2 into l L are not allowed or are completely negligible, so we do not show these. Also, in the minimal-supergravity scenarios, the ν always decays invisibly to χ 0 1 ν; thus, branching ratios for the ν are not tabulated for the MS case. In the D + and SD ± scenarios, and in one case each for D − and SMS + , there are significant visible decays of the ν, as indicated. Finally, the D
2 occurs despite the fact that the l l R channel generally has at least as much kinematic phase space. This is because the l l R couples only to the bino component of the χ 0 2 , which is quite small whenever |µ| > M, as noted earlier. Indeed, it should be noted that the χ 0 2 approaches a pure wino state much more rapidly for large values of µ < 0 than for µ > 0. Thus, the l l R decays of the χ 0 2 are particularly suppressed for the µ < 0 cases. The νν channel dominance is important phenomenologically since the ν decays entirely to the invisible χ 0 1 ν channel whenever χ + 1 → νl and χ 0 2 → νν decays are allowed. The result is a depletion of the visible event rate from χ 0 2 decays, especially for the µ < 0 scenarios where the l l R branching ratio is particularly suppressed.
The net effect of these branching ratios on signatures is difficult to deduce without a complete simulation. For instance, in the search for trilepton events from pp → χ ± 1 χ 0 2 → 3l + E / T , the chargino and neutralino branching fractions can vary considerably, leading to wide ranges of signal rates. In addition, kinematic effects can be important. For instance, if χ 0 2 → l + l, the final state l may be too soft to pass detector requirements, even if the branching ratio is large.
We shall see that the D − , SMS − scenarios are distinctly more difficult to detect than the D + , SMS + ones. However, the MS − scenarios will turn out to be as easily probed as the MS + scenarios. This is because of the 'inverted' mass hierarchy, m χ ± 1 > m lL for large m g in MS models compared to D and SMS models. The inversion allows for χ 0 2 → l L l decays (for which the coupling does not go to zero as the χ 0 2 approaches a pure wino state, although it is small). The resulting production and decay chain χ
1 decays, yields 3l states at a significant rate. Meanwhile, the similarity between the SD ± and the D + mass hierarchies and decays implies that the SD ± models will be more or less as easily probed as the D + case.
Before closing this section, we note that some of the above discussion is peculiar to the m g mass range relevant to Tevatron exploration. In particular, for high enough m g values the ν becomes heavier than the χ ± 1 for the D − and SMS − cases, and thus would decay visibly, exactly as for the D + and SD ± model cases explored here. Correspondingly, the χ 0 2 → νν and χ + 1 → l ν two-body decays become kinematically disallowed. Three-body decay channels would play a more prominent role, as in the D + and SD ± cases. The final leptons would generally be harder as a result (although perhaps less numerous). Overall, there could be a temporary increase in the tri-lepton rate after cuts (as m g is increased). (This is, in fact, the source of the greater observability that we shall find for the D + and SD ± as compared to the D − and SMS − models.) This illustrates how phenomenological considerations could well change significantly in moving to either higher luminosity or higher energy at the Tevatron. And certainly discovery potential at the LHC cannot be extrapolated from the results we shall present here.
[31] In general, the phenomenological complexity of the types of models considered is substantial because of the delicate cross-over's in masses and decay modes.
Simulation and Selection Cuts
To simulate signal and background events at the Tevatron collider, we use the event generator program ISAJET 7.07.
[32] ISAJET 7.07 has been set up to perform a reasonable simulation of supergravity models, provided tan β < ∼ 10. For larger tan β values, the approximate degeneracy of sleptons is badly broken, and there are large mixing effects for b and τ states. For two simulations at large tan β -the D + 3 and D − 5 cases -two-body decays of charginos and neutralino to real staus are dominant: in these cases we force the relevant decays to occur with 100% branching.
Briefly, for a given set of weak scale MSSM parameters, ISAJET calculates branching fractions for all sparticle decay modes. ISAJET then generates all SUSY particle production processes according to their relative cross sections, and decays the various SUSY and SM particles via the calculated or measured branching ratios. Initial and final state QCD radiation is included, as is hadronization of quarks and gluons. Underlying event soft-scattering is included as well.
The relative production cross sections for a variety of superparticle-pair channels are given in Tables 3a-d for all of the numbered scenario cases appearing in Fig. 1 and in Tables 1 and 2 .
We see immediately that g g, g q andproduction processes often have low rates compared to other SUSY-pair production processes, especially for large values of m g . Instead, the dominant production processes are the cumulative χ χ subprocesses, especially χ ± 1 χ 0 2 and χ ± 1 χ ∓ 1 . Furthermore, the light slepton and sneutrino masses characteristic of these models results in a substantial rate for l ν + ν ν and l l production. Finally, there is significant rate for the associated production final states χ g and χ q, which comprises the remainder of the event rate.
To model collider detector effects, we employ the toy calorimeter simulation ISAPLT. We assume calorimetry extends over the central region out to rapidity of |η| < 4, with cell size ∆η × ∆φ = 0.1 × 0.1. We take hadronic energy resolution to be 70%/ √ E T , and electromagnetic resolution to be 15%/ √ E T . Jets are coalesced within cones of R = ∆η 2 + ∆φ 2 = 0.7, using the ISAJET routine GETJET; clusters with p T > 15 GeV are labelled as jets. Muons and electrons are classified as isolated if they have p T (l) > 8 GeV, |η(l)| < 3, and there is less than p T (l)/4 GeV in a cone of R = 0.4 about the lepton direction. For all supersymmetric event topologies, we require at least E / T > 20 GeV.
Multi-lepton signals for gluinos and squarks have been examined in Ref. [33] . We follow approximately the cuts given there. The cross sections examined include the following.
Multi-jet plus missing energy (E / T ):
• E / T > 50 GeV,
• no isolated leptons with p T (l) > 15 GeV,
• number of jets n(jet) ≥ 4,
• at least one central jet (|η(jet)| < 1) and no jet within 30 o of E / T . This is a generic E / T cut, i.e. it is not optimized for various gluino masses. For instance, for very massive gluinos, a substantially larger E / T cut may be desirable to improve signal to background rate.
Single charged lepton (1l):
• exactly one isolated lepton with p T (l) > 15 GeV,
• veto events with 60 < M T (l, E / T ) < 100 GeV, to reduce real W background.
A pair of oppositely charged same-flavor leptons (OS):
• two isolated leptons with p T (l) > 15 GeV,
• no jets, and
• veto events with 80 < M(l + , l − ) < 100 GeV, to reduce real Z background.
These cuts are designed to extract possible signals from slepton-pair production. [34] 4. A pair of same-sign leptons (SS):
• two same-charge isolated leptons with p T (l) > 15 GeV. This is designed to extract gluino-pair cascade decay events, by exploiting the Majorana nature of the gluino. [35] 5. Three leptons (3l):
• three isolated leptons with p T (l 1 ) > 15 GeV, p T (l 2 ) > 10 GeV and p T (l 3 ) > 8 GeV,
• veto events with 80 < M(l + , l − ) < 100 GeV, to reduce real W Z background,
• (optional requirement of zero or one jet, or all jets accompanying the event.)
These cuts are designed to extract either gluino and squark cascade decay events [33] (with jets), or to extract clean trileptons from χ ± 1 χ 0 2 production [36] (with zero or one jet). [33] • four isolated leptons with the first three leptons as in (5.) above, while in addition p T (l 4 ) > 8 GeV.
Four leptons (4l):
In addition, on occasion we picked up events containing five isolated leptons. We do not list these relatively rare event cross sections due to the considerable statistical uncertainty.
Numerical Results for Signal and Background
The background cross section levels in the various channels after cuts are given in Table 4 : 2720, 1.1 × 10 6 , 32, 2, 0.3 (0.7), and ∼ 0 in units of fb for the E / T , 1l, OS, SS, 3l and 4l channels, respectively. The backgrounds that were included are: W + jets, Z + jets, tt (m t = 170 GeV), W + W − , and W ± Z. The quoted rates include the τ mode decays of the W ± and Z. The signal rates for each numbered case of Fig. 1 are given in Tables 5a-d, for the D, SD, MS and SMS models, respectively.
The E / T + jets cross section after the above cuts is plotted in Fig. 3 versus m g , for the various scenarios. E / T + jets events arise from many different sources typically, including χ χ, g g, q g,, t 1 t 1 , g χ, and q χ, events, where all final state leptons are missed or soft. All signals are below our calculated background of 2720 fb. However, assuming that the background can be normalized by independent measurements and Monte Carlo studies, a 5σ effect for signal over background (given 1 f b −1 of integrated luminosity) would allow a search to m g ∼ 300 GeV. This could be an overestimate given that at m g ∼ 300 GeV the signal would only be ∼ 10% of background, implying that the latter would have to be normalized to better than 10%. However, it is also true that optimization of the E / T cut for these higher m g values might improve the signal to background ratio somewhat. The value of measuring the E / T cross section lies in the fact that it roughly scales with m g in spite of model differences, and different tan β values. Thus, if a E / T + jets signal can be found, the size of the cross section will give an indication of the sparticle masses being probed.
The signal cross sections after cuts for the 1l sample are listed in Tables 5a-d. These signals have an enormous background from single W production, in spite of the transverse mass cut we invoke. Even with optimization of cuts (e.g. looking for events with M T (l, E / T ) > 100 GeV), detection of such a signal looks dubious, if not hopeless.
The OS dilepton sample of signal events is suited for picking out slepton-pair events. We see from Tables 5a-d that the signal in this channel can range to ∼ 80 fb, although there is a substantial background from W W production (32 fb). We find signal larger than or of order the background in several cases:
, and SMS − 1 . These are more optimistic results than those given in Ref. [34] , where slepton production was examined for more generic mass spectra. Our larger rates are in part a reflection of the very light slepton masses in the models considered here, and in part due to the fact that numerous SUSY sources other than slepton pairs contribute to the OS signal; these include mainly χ
pairs, but with smaller contributions from χ χ, q χ, g χ, t 1 t 1 andpairs. Overall, however, observation of the OS dilepton signal looks difficult for most of the cases examined.
The same-sign isolated dilepton signal has been advocated as a means of searching for gluino-pair cascade decays, by exploiting the Majorana nature of the gluino. [35] We see from Tables 5a-d that the signal ranges from a fraction of a fb to several hundred fb, while background is at the 2 fb level, and arises (after cuts) mainly from W Z production, where one final state lepton is missed. In this case, many background events should be relatively free of jet activity, while the signal may be rich in jets if the SS events originate from strongly produced SUSY particles. We have examined the sources of the SS events for the various D, SD, MS, and SMS models, and have found that they arise from a variety of SUSY production processes, including χ ± 1 χ 0 2 → 3l + E / T events, where one lepton is missed, slepton and sneutrino production, g χ and q χ associated production events, as well as the expected, q g and g g events. Hence, we expect the signal events to vary substantially in topology and "jetiness", depending on the subprocess from which they arise. Given an integrated luminosity of 1 fb −1 , we take as an estimate at least 5 such events to claim discovery. Examination of Tables 5a-d then shows that scenarios with gluino masses of up to ∼ 300 − 350 GeV may be probed in this channel. We show in Fig. 4 the SS dilepton signal cross sections as the first entry in the brackets at each of the numbered scenario points appearing in Fig. 1 . (Except in cases where overlap forced some slight repositioning, the m g -tan β values for a particular point correspond to the location of the lower left-hand corner of the bracket.)
Another promising event topology for the discovery of SUSY is events with three isolated leptons. These events can arise from χ ± 1 χ 0 2 → 3l + E / T production, [36] in which case they will be relatively free of extra jet activity, or they can arise, for instance, from gluino and squark production processes, where the cascade decays result in leptonically decaying χ ± 1 and χ 0 2 states, [33] in which case the trileptons will be accompanied by substantial jet activity. We show the cross section for 3l events in Tables 5a-d for events containing just 0 or 1 jet, or any number of jets (in parenthesis). These cross sections range from a fraction of a fb, to up to 168 fb, for the cases examined. The background, listed in Table 4 , is 0.34 (0.69) fb. Again, assuming that at least five events are needed for discovery (in 1 fb −1 of data), we see that cases with gluino mass beyond 500 GeV may be probed in the MS + , MS − , SMS + , D + , SD + and SD − models, while in the D − and SMS − models discovery reach is restricted to m g < ∼ 300 GeV. We list the trilepton rates (for events with all jet multiplicities) in Fig. 4 , as the second entry in the bracketed figures.
By combining the discovery potential of both the SS and 3l signals, we have estimated the region explorable by Tevatron collider experiments with L = 1 fb −1 of integrated luminosity. The boundary of this region for each model is drawn on Fig. 4 as the dashed line. It is remarkable that so large a fraction of the model parameter spaces will yield observable rates for these two new-physics signatures. The most difficult scenarios to detect are those associated with the D − and SMS − models. This is clearly a result of the suppressed χ − m ν mass difference, which is much smaller for these scenarios than any others. As noted earlier, the difficulty of probing the D − and SMS − scenarios is to be contrasted with the situation for the MS − models, for which the inverted mass hierarchy (m χ ± 1 > m lL at large m g ) allows for much larger 3l and SS rates. Indeed, the MS − parameter space can be almost fully explored.
Finally, we list in Tables 5a-d the 4l event rates. In a few cases, the rate for 4l + E / T events can range up to the 30-60 fb level, giving again a spectacular signature for SUSY. These events usually occur due to events containing a χ 0 2 pair, either from cascade decays, or from direct production, followed by χ 0 2 → ll χ 0 1 decay. We were unable to generate any substantial background to this process. We note, however, that it does not occur at a large rate for most of the scenarios considered, and hence would not constitute an optimal discovery channel.
As noted earlier, extrapolation of these results to higher luminosity is somewhat dangerous, but we allow ourselves a few very approximate statements based on the 3l mode which has the lowest background rate. For an integrated luminosity of L = 30 fb −1 (three years running at 10 fb −1 per year as proposed in some versions of a future Tevatron upgrade [37] ), the 3l background rate (assuming no additional sources of background become important at high luminosity, e.g. from multiple interactions per crossing) is obtained from Table 4 ; we find a background rate of 21 events for the 'all-jets' case. An examination of the signal rates in Tables 5a-d shows that many of the numbered scenarios that are unobservable for L = 1 fb −1 would then become observable. The increase in parameter space coverage would be especially dramatic for the D − and SMS − models. Adopting a 5σ criterion (i.e. 23 or more signal events), m g values as high as ∼ 500 GeV would yield detectable signals for the D − and SMS − models. For the other models, we have not studied scenarios with high enough m g to establish a meaningful estimate of how much higher in m g one can go with L = 30 fb −1 . However, those scenarios we have studied suggest that discovery reach would probably be extended out to m g ∼ 600 − 700 GeV.
Comparison of Tevatron and LEP-II
An interesting question is the extent to which LEP-II will be able to explore the m g -tan β parameter spaces of the various models considered, and how the discovery reach of LEP-II compares to that of the Tevatron. For the models being considered the discovery reach of LEP-II is determined primarily by the e + e − → l R l R , e + e − → χ
, and e + e − → Zh 0 production processes, since it is the l R , χ ± 1 and h 0 that are the lightest observable particles in these models.
Let us first consider an optimistic scenario with √ s = 200 GeV and a two-year accumulated luminosity of 1 fb −1 (corresponding to 500 pb −1 per year integrated over two years). Then, roughly speaking, l R l R , χ + 1 χ − 1 production will probably be detectable for m lR , m χ ± 1 < ∼ 95 GeV, while Zh 0 will probably be detectable for m h 0 < ∼ 105 GeV (recalling that the h 0 has ZZ coupling that is close to full strength given the large m A 0 values required in our scenarios). The contours for these l R , χ Fig. 4 reflect the above ranges. This dependence on the sign of µ is also evident in Fig. 2 . There, the m χ ± 1 /m g mass bands for µ > 0 rise towards the large m g asymptotic limit as m g increases, whereas for µ < 0 the bands lie above the large-m g limit, and always somewhat above the µ > 0 band. Note that in the MS − model, χ
1 pair production will be detectable for almost none of the allowed parameter space, in sharp contrast to the guaranteed discovery of l R l R pairs for this model.
In comparison to the l R l R discovery limits quoted previously, we see that χ With regard to the Zh 0 mode at LEP-II, those numbered scenarios for which m h 0 < 105 (> 105) GeV are surrounded by square (rounded) brackets in Fig. 4 . However, the precise boundary of detectability is very sensitive to precise luminosity, detector efficiencies and machine energy. As an indication of this, we note that if only m h 0 ≤ 100 GeV could be probed, then Zh 0 production would not be detectable for the numbered scenarios D Fig. 4 ). These scenarios, for which m h 0 > ∼ 100 GeV, are mostly those with larger values of tan β -recall that m h 0 is smallest, even after radiative corrections, for tan β near 1.
The Zh 0 detection boundaries are more clearly indicated, however, in Fig. 5 . We note that the m h 0 = 105 GeV contour is absent from the MS − window of Fig. 5c , since in the MS − model m h 0 < 105 GeV for all of allowed parameter space and Zh 0 detection will always be possible at LEP-II (for √ s = 200 GeV).
Of course, detection of the h 0 at the Tevatron may also be possible in the W h 0 associated production channel with h 0 → bb decay, provided there is adequate efficiency and purity for b tagging. [38] The upper m h 0 limits for which this will be possible are luminosity dependent. For L = 1, 10 fb −1 the upper limit is m h 0 < ∼ 60, 75 GeV. As can be seen in Tables 1a-d , rather few of our scenarios have masses below 75 GeV, and only one has mass below 60 GeV. Even L = 100 fb −1 at the Tevatron would only allow one to probe m h 0 masses up to ∼ 95 GeV.
The bottom line is clear: LEP-II at √ s = 200 GeV and full luminosity can generally probe much the same parameter space as can the Tevatron. The coverage is comparable for the D + and SMS + models, somewhat greater in the case of the D − , MS + , MS − and SMS − models, and somewhat less in the case of the SD + and SD − models. However, generally speaking, the Tevatron is sensitive to a much broader set of SUSY particles than is LEP-II, although LEP-II does have sensitivity to both slepton pairs and chargino pairs for m g below a model-dependent value. Obviously, there is substantial complementarity between the two machines.
As already noted, these conclusions are significantly altered if LEP-II only reaches, say, √ s = 176 GeV. Because the h 0 often has mass of the order of 100 GeV, for the chosen m t and typical t masses predicted in the models being considered, the extent to which Zh 0 discovery will probe the allowed parameter spaces of Fig. 1 is extremely sensitive to the exact √ s and luminosity that will be achieved at LEP-II. 
Conclusion
In this paper, we have explored the phenomenology of the gauge-coupling-unified Minimal Supersymmetric Model employing renormalization group evolution of superstring or supergravity motivated unification-scale boundary conditions (of a rather universal and attractive nature) for the soft-supersymmetry-breaking parameters. The models considered were the minimal-supergravity (or no-scale) and the dilaton-like models. At a theoretical level, the source of supersymmetry breaking and details of the Kahler potential, and so forth, are fairly different for the two model classes, and even the dilaton-like boundary conditions themselves apply for a wide variety of physics as contained in the continuous range of possible values for the goldstino angle characterizing the relative importance of moduli vs. pure dilaton supersymmetry breaking. Despite these theoretical differences, the boundary conditions are sufficiently similar (indeed, identical within the dilaton-like class) that there is a broad similarity of the basic phenomenology of these models, deriving from the presence of relatively light sleptons in all cases. In fact, we have seen that when the uncertainty associated with the question of whether unification should be required at M U ∼ 2 × 10 16 GeV or at M S ∼ 10 18 GeV is taken into account, the overlap between the mass spectra and resulting phenomenology of the minimal-supergravity and dilaton-like models can be quite substantial. Nonetheless, we have also seen that seemingly small shifts in mass spectra can cause substantial shifts in allowed decay modes and the consequent visibility of crucial detection channels.
Overall, the most remarkable feature of our results is the prediction (summarized in Fig. 4 ) that these classes of models can be probed by the existing Tevatron (with L = 1000 pb −1 ) over such a large portion of the allowed parameter spaces. In terms of the two parameters m g and tan β, we find that even the most difficult models, namely the µ < 0 dilaton-equivalent (D − ) and superstring-scale-unified minimal-supergravity models (SMS − ), yield observable tri-lepton and same-sign-lepton signals for m g < ∼ 300 GeV (for all tan β). For the µ > 0, D + and SMS + models the 3l and SS signals reach observable levels for m g values as high as 600 GeV at low tan β (as preferred if relatively precise Yukawa coupling constant unification is demanded). The 3l signal reaches an observable level for m g values up to 450−520 GeV in the SD ± models. The GUT-scale-unified minimal-supergravity µ > 0 (MS + ) model can be probed for m g < ∼ 420 − 480 GeV. This represents somewhat more than half of the allowed parameter space given that m g has an upper bound (deriving from the requirement of a neutral LSP) in this model of about 700 GeV (or lower at high tan β). Meanwhile, the MS − model can be probed over nearly all of the (rather restricted) parameter space.
Thus, there is cause for optimism that the scheduled main-injector upgrade of the Tevatron will reveal evidence for supersymmetry. However, there is no guarantee. Aside from the regions of parameter space for the models discussed here that lie beyond the reach of the Tevatron, there are also the (still more model dependent) moduli-dominated scenarios in which all sfermion masses are generically expected to be larger than the gluino mass. These, as discussed in Ref. [33] and Ref. [39] , are more difficult to probe without a collider of significantly larger energy. Larger energies and luminosities could also improve observability of the D, SD, MS and SMS models. This is under investigation. Here, we note that the predicted SS and 3l background rates imply that the discovery reach is not far from being background limited. Thus, simply increasing luminosity may not yield as large an improvement as would otherwise be the case. Increasing the energy may be more advantageous due to increased signal rates, although background rates will also go up and new backgrounds can arise.
Finally, we have noted that for some models LEP-II with √ s = 200 GeV and integrated luminosity of 500 pb −1 − 1 fb −1 will be able to detect l R l R and χ
pair production, and Zh 0 associated Higgs production, over more of m g -tan β parameter space than that for which a SUSY signal will be seen at the Tevatron with L = 1 fb −1 of integrated luminosity. However, in other models LEP-200 will probe less of parameter space. Further, the relative comparison between the two machines is very dependent upon the precise energy reached by LEP-II and on whether further luminosity upgrades for the Tevatron are implemented. In general, the two machines are quite complementary, with the Tevatron being sensitive to a broader range of SUSY particle types in those regions of parameter space for which SUSY detection is possible.
Note Added: As we were completing this manuscript we received a paper [40] which also Table 1d : A tabulation of supersymmetric particle masses for the SM S scenarios delineated in Fig. 1d . Fig. 1a . Results are quoted for a single l or ν type (e.g. l = e); for the χ 0 2 particle-antiparticle and antiparticle-particle channels are summed together. Table 2b : A tabulation of some important branching ratios for the SD scenarios delineated in Fig. 1b . Results are quoted for a single l or ν type (e.g. l = e); for the χ 0 2 particle-antiparticle and antiparticle-particle channels are summed together. Table 2c : A tabulation of some important branching ratios for the M S scenarios delineated in Fig. 1c . Results are quoted for a single l or ν type (e.g. l = e); for the χ 0 2 particle-antiparticle and antiparticle-particle channels are summed together. Table 2d : A tabulation of some important branching ratios for the SM S scenarios delineated in Fig. 1d . Results are quoted for a single l or ν type (e.g. l = e); for the χ 0 2 particle-antiparticle and antiparticle-particle channels are summed together. Table 3a : Per cent of SUSY particles produced at Tevatron in 2 → 2 subprocesses for D scenarios. The quantity χ χ includes χ Table 3c : Per cent of SUSY particles produced at Tevatron in 2 → 2 subprocesses for M S scenarios. The quantity χ χ includes χ ± 1 χ 0 2 , whiledoesn't include t 1 t 1 . The remaining sparticle production fraction is taken up by associated production mechanisms.
Scenario g g gt 1 t 1 χ χ χ Table 3d : Per cent of SUSY particles produced at Tevatron in 2 → 2 subprocesses for SM S scenarios. The quantity χ χ includes χ ± 1 χ 0 2 , whiledoesn't include t 1 t 1 . The remaining sparticle production fraction is taken up by associated production mechanisms.
Scenario g g gt 1 t 1 χ χ χ Table 5b : Cross sections in fb after cuts given in the text, for various signals for the SD scenarios. Non-parenthetical (parenthetical) numbers in the 3l case are cross sections for 0 + 1 jets (any number of jets).
Scenario m g tan β E / T 1l OS SS 3l 3l/SS 4l 5l SD Table 5d : Cross sections in fb after cuts given in the text, for various signals for the SM S scenarios. Non-parenthetical (parenthetical) numbers in the 3l case are cross sections for 0 + 1 jets (any number of jets).
Scenario m g tan β E / T 1l OS SS 3l 3l/SS 4l 5l SMS 
